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ABSTRACT
We select four sand deposits along the traverse of the Curiosity rover to evaluate the spatial
distribution of mineralogy and grain size. While extensive work has focused on characterizing
the Bagnold Dunes in-situ and from orbit, less attention has been given to deposits south of the
Vera Rubin Ridge (VRR). Overall, our results illustrate a compositional dichotomy among
aeolian deposits, separated by the VRR. Initial investigations of hyperspectral data from the
Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) show differences in the long
wavelength spectral features and absolute reflectance measurements for the deposit south of the
Bagnold Dunes. The southern deposits show a larger absorption feature at ~2.12 µm while the
Bagnold Dunes region has a steeper spectral slope from 2.2-2.5 µm. Performing unmixing
analysis of hyperspectral data provides an estimated probability distribution of the abundance
and grain size of minerals present in the spectra of these deposits. These data suggest the 2.12
µm feature is a function of pigeonite abundance while the spectral rise is due to amorphous
material. Using two of Curiosity’s stops, Mt. Desert Island and the Sands of Forvie, as anchor
sites, reflectance measurements suggests a larger grain size in the Sands of Forvie compared to
Mt. Desert Island. Mapping the distributions of mineral abundance and grain size, the linear
Bagnold Dunes, to the north of the ridge, contain higher abundances of forsterite and amorphous
material than those to the south which contain more pigeonite. Grain sizes tend to be higher in
the deposits south of the ridge, specifically in regards to the amorphous material and labradorite.
These findings suggest the possibility of either different wind regimes acting on different sides of
the VRR or different sediment sources for deposits depending on which side of the ridge they
occur.
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1 INTRODUCTION
Since landing in 2012, the Curiosity rover has provided an opportunity to analyze the Martian
surface through a synergy of high resolution orbital and in-situ data. In addition to characterizing
the rock record and searching for past habitable environments, Curiosity’s investigations have
included detailed analyses of the morphology and mineralogy of active aeolian deposits,
specifically the Bagnold Dunes. Active aeolian deposits on Mars hold vital information related to
regional sediment sources and wind-driven processes acting on the planet. The Bagnold Dunes
are made up of morphologically distinct barchan and linear dunes, and these were the first active
sand deposits encountered by Curiosity, allowing for in-situ validation of initial observations
made from orbital datasets (Bridges et al., 2018; Ehlmann et al., 2017; Rampe et al., 2018).
These campaigns have revealed a basaltic sand composition with hypothesized preferential
sorting throughout the Bagnold Dunes, interpreted to be a product of wind-driven transport
(Ehlmann et al., 2017; Lapotre et al., 2017b; Rampe et al., 2018; Seelos et al., 2014).
Measurements from orbit and from Curiosity confirm a general composition consisting of
plagioclase, olivine (Fo ~55 ± 5), pyroxene, magnetite, and amorphous material, with olivine
enrichment in the barchan dunes compared to the linear dunes (Achilles et al., 2017; Lane et al.,
2013; Lapotre et al., 2017b; Rampe et al., 2018, 2020; Seelos et al., 2014). Additionally, a
variable grain size has been detected in-situ among Gale Crater aeolian deposits but remains
difficult to classify from orbit (Lapotre et al., 2017b; Weitz et al., 2018). While all deposits are
volumetrically dominated by grains 50-150 µm, many deposits contain coarser fractions on their
crests of ripples and throughout the surface layers of grains (Ehlmann et al., 2017; Sullivan et al.,
2020; Weitz et al., 2018). Grain size is one of the more difficult parameters to quantify from
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orbital data, and in-situ grain-size measurements depend heavily on the sampling location within
the greater ripple morphology, thus the understanding of grain size distribution throughout active
aeolian deposits is a work in progress (Weitz et al., 2018).
We add CRISM-based analyses of aeolian deposits in Gale Crater to the growing set of data and
interpretations of modern basaltic sand deposits. Modeling the VNIR spectra obtained from such
deposits allows for an estimation of abundance and grain size of specified endmembers from
orbit. We consider four deposits, three sand fields south of the Vera Rubin Ridge and one
location in the southern Bagnold Dunes, to uncover spatial changes in composition and grainsize distribution. Deposits south of the Vera Rubin Ridge have not been studied to the extent of
the Bagnold Dunes, thus this work serves as an initial investigation into possible morphological
and mineralogical variation of aeolian deposits near Curiosity’s recent traverses.
2 BACKGROUND
2.1 Motivations for spectral investigations of aeolian deposits
Scientists aim to understand the mineralogy of planetary surfaces in order to classify geologic
process that were previously active on the planet and how those process have changed to reflect
the current conditions. Active sand deposits are especially helpful to this aim because the
mineralogy of the active deposit can be compared to that of lithified sandstones and sedimentary
rocks on the surface to observe similarities and differences between ancient and present-day
trends. These crucial investigations can give insight into the source of sediment for aeolian
deposits and whether this has changed over time, using the present as a means for understanding
the past. Previous analyses of mineralogy and morphology have led to the hypothesis that Gale
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Crater sedimentary deposits have been supplied by varying sources over time, from sedimentary
rocks within in Gale Crater to grains from the walls of the crater (Achilles et al., 2017; Ehlmann
et al., 2017; Rampe et al., 2018). These measurements are most confidently made by in-situ
instruments aboard rovers, yet to date, rovers have covered a small portion of Mars’ surface.
Characterizing a larger number of aeolian deposits over broader scales necessitates the use of
orbital data. With hyperspectral orbital data, however, it is markedly difficult to derive exact
compositions and grain size parameters from a deposit on the surface due to noisy data,
atmospheric effects, and, as will be discussed, the spectral effects of varying mineralogy and
grain size (Lapotre et al., 2017b). Investigating aeolian deposits through the synergy of rover and
orbital data will improve orbital interpretations to allow for higher confidence investigations of
Mars surface, advancing the understanding of sediment sources and wind dynamics on modern
Mars as a lens into past conditions.
2.2 Overview of the composition and structure of olivine and pyroxene
In order to understand how changes in mineral structure and composition contribute to changes
in absorption features in the visible and near-infrared (VNIR) wavelengths of hyperspectral data,
an understanding of mineral structure is necessary. Olivine and pyroxene are two key minerals in
this work owing to their abundant presence in active Martian sand deposits (Achilles et al., 2017;
Ehlmann et al., 2017; Lapotre et al., 2017; Mustard et al., 2005; Rampe et al., 2018, 2020) and
their known influence on VNIR spectral features (Burns, 1970b, 1993; Cloutis, 2002; Dyar et al.,
2009; Klima et al., 2008, 2011; Singer, 1981; Sunshine et al., 1998).
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Olivine is an orthorhombic nesosilicate with the general formula M1M2SiO4 in which the M1
and M2 sites share edges and are most commonly filled with the cations Mg2+ and Fe2+ (Birle et
al., 1968; Burns, 1970a). In olivine the M1 site is a smaller, centrosymmetric, tetragonally
distorted octahedron, meaning this site is elongated along one axis with an inversion center of
symmetry. The M2 site is larger with trigonal distortion and lacks centrosymmetry (Burns,
1970b; Burns et al., 1972). Among other factors such as ionic radius and crystal field splitting,
the variance in size between these two sites influences cations to show a preference for which
site they fill. Fe2+ ions, for example, are larger than Mg2+ and thus prefer to fill the larger M2 site
(Burns, 1970b, 1970a; Dyar et al., 2009). The composition of olivine exists as a solid solution
between the magnesium-rich Mg2SiO4 (Forsterite, Fo) endmember and the iron-rich Fe2SiO4
(Fayalite, Fa) endmember where the composition of a given olivine is described by Fo =
Mg2+
Fe2+ +Mg2+

× 100. By definition, Fo0 (pure fayalite) contains an equal distribution of Fe2+ in both

the M1 and M2 sites, and Fo number increases along the solid solution series as Mg2+ substitutes
in for Fe2+ (Dyar et al., 2009).
Pyroxenes, on the other hand, are inosilicates with a general formula M1M2(Si,Al)2O6,
indicating that pyroxenes contain straight chains of bonded silica tetrahedra. Similarly to olivine,
pyroxenes have two octahedral cation sites that commonly hold Fe2+ and Mg2+; however,
pyroxenes also accommodate large Ca2+ ions. M1 is also smaller and centrosymmetric in
pyroxenes but it is a regular octahedron with minimal distortion. The larger, noncentrosymmetric M2 site is a distorted 6- or 8-coordination site (Burns, 1970b, 1993; Papike et
al., 1976). Both the structure, composition, and spectral characteristics of pyroxenes can be used
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to classify pyroxene groups. Pyroxenes with an orthorhombic structure contain predominantly
Mg2+ and Fe2+ in octahedral sites, whereas those in a monoclinic system have a more significant
Ca content (Morimoto, 1988; Papike et al., 1976). Some research also designates pyroxenes as
high- (HCP) and low-calcium (LCP), which alludes to the relative amount of calcium in the
pyroxene structure and the subsequent effects on the spectral characteristics (Adams, 1974;
Cloutis, 2002; Klima et al., 2008, 2011; Sunshine et al., 2004). A complication arises by
classifying HCP solely as clinopyroxenes and LCP exclusively as orthopyroxene. In reality,
these classifications are not mutually independent. Pigeonite, for example, which is abundant in
Martian shergottite meteorites, has lower calcium than augite but, like augite, is a monoclinic
pyroxene at high temperatures with space group C2/c (Filiberto et al., 2018; Papike et al., 1976).
However, pigeonite takes on a different space group (P21/c) at low temperatures as it inverts to
an orthorhombic structure. Pigeonite therefore displays spectral characteristics intermediate
between that of low-Ca orthopyroxene and high-Ca pyroxene (Klima et al., 2011; Morimoto,
1988; Papike et al., 1976; Skok et al., 2012). Pyroxenes with distinct orthopyroxene spectral
signatures have been identified in ancient Noachian-aged terrain on Mars but have not been
found as a major component of active basaltic sands in Gale Crater (Achilles et al., 2017;
Ehlmann et al., 2017; Mustard et al., 2005; Rampe et al., 2018; Seelos et al., 2014), thus, detailed
description of orthopyroxenes will be omitted. Conversely, clinopyroxenes such as pigeonite and
augite have been identified as a significant component of aeolian deposits in Gale Crater and will
be a focus of this work (Achilles et al., 2017; Ehlmann et al., 2017; Rampe et al., 2018; Seelos et
al., 2014).
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2.3 Spectral characteristics of olivine and pyroxene from Crystal Field Theory
Olivine and pyroxene display identifiable spectral features in the visible and near-infrared due to
electronic transitions related to Fe2+ in their crystal structures (Burns, 1970b, 1993). Fe2+ is a
transition metal ion with six electrons in the d orbitals, leaving unfilled 3d orbitals with the
possibility for electronic transitions. When photons of light are absorbed by a Fe2+ ion, electrons
become excited and jump to a different energy level within the orbital. Spin-allowed transitions
indicate the excitement of the electron did not change the overall number of unpaired electrons in
the orbital while spin-forbidden transitions alter the number of unpaired electrons.

Figure 1. Basic schematic of crystal field splitting in the 3d orbital showing relative energies of orbitals
based on the coordination geometry (after Burns, 1993 Fig. 1.2). (a) Regular octahedron, approximating
the pyroxene M1 site, (b) trigonally distorted octahedron, approximating the olivine M2 site, (c)
tetragonally distorted octahedron, approximating the olivine M1 site, and (d) distorted six-coordination
site, approximating the pyroxene M2 site.
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The energy separation of the d orbitals and electron configuration within the orbitals depends on
the electromagnetic field created by the ligands of the crystal structure. Distorted octahedra, such
as the cation sites in olivine or the M2 site in pyroxene, cause the d orbitals to resolve into
additional energy levels of a predictable configuration defined by crystal field splitting (Burns,
1970b, 1993). Different coordination geometries of a cation site alter the 3d orbital configuration
in Fe2+ by either causing additional splitting or increasing the energy separation of energy levels
(Figure 1). Any adjustment to the relative energies or positions of the 3d orbitals will change the
amount of energy needed for an electronic transition and thus produce a unique absorption
feature (Burns, 1970b, 1993).
Olivine displays three primary absorption bands in the near-infrared (NIR) wavelengths due to
spin-allowed transitions in Fe2+ residing in both the M1 and M2 cation sites (Burns, 1970b,
1993; Sunshine et al., 1998; Trang et al., 2013). Spin-forbidden electronic transitions of Fe2+
produce minor absorption features in the visible region orders of magnitude weaker than spinallowed transitions and are thus significantly more difficult to identify compared to the 1 µm
NIR absorption (Burns, 1970b; King et al., 1987; Sunshine et al., 1998). In the NIR, two bands
arise from Fe2+ in the M1 site and one band is due to Fe2+ in the M2 site. The two M1 site bands
are near 0.85 and 1.25 µm while the single M2 band is near 1.03-1.05 µm. These three bands
overlap to form the characteristic broad olivine absorption band centered near 1 µm but studies
have found the long-wavelength absorption is most often the strongest absorption feature out of
the three (Skok et al., 2012; Sunshine et al., 1998). Many previous authors have worked on the
resolution of this complex 1 µm feature to understand how the band strength, band width, and
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band location vary with grain size and composition (Singer, 1981; Sunshine et al., 1998; Trang et
al., 2013).
Clinopyroxene spectra display two distinct absorption features near 1 and 2 µm, but the location
of these features can be complicated due to the added variable of Ca2+ in pyroxene crystal
structures. Spin-allowed Fe2+ transitions are still responsible for absorption features in the NIR,
but the large Ca2+ ion can alter the crystal structure and affect the electromagnetic field around
the coordination site, subsequently altering the absorption features from Fe2+. As mentioned in
Section 2.1, pyroxenes can be divided into LCP and HCP groups based on their spectral features
arising from the ordering of cations in their crystallographic sites (Adams, 1974; Cloutis, 2002).
Generally, since Ca2+ is larger than both Mg2+ and Fe2+, it will preferentially fill the larger M2
sites in the pyroxene structure (Burns, 1970b, 1993; Klima et al., 2011). There are three
scenarios, however, considering clinopyroxenes and their Ca2+ content: 1) the M2 sites are
almost fully filled by Ca2+, 2) there is a slight Ca2+ deficiency that leaves some M2 sites open,
and 3) there is not enough Ca2+ to fill a majority of the M2 sites (Cloutis, 2002). Each of these
three scenarios affect the ordering of cations in the crystallographic sites and uniquely shift the 1
and 2 µm absorption features. The two clinopyroxene spectral features, nevertheless, can be
generally characterized as occurring between 0.9-1.045 µm and between 1.8-2.3 µm (Burns,
1993; Burns et al., 1972; Cloutis, 2002).
2.4 Spectral effects of varying composition and grain size
Absorption bands of a mineral can shift to longer or shorter wavelengths depending on the
cations in the crystal structure. The inverse fifth-law dependency of crystal field splitting on
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metal oxygen distances comes into play when considering ions substituting into a crystal lattice
(Burns, 1993):
∆~

1

(1)

R5

Where R = metal-oxygen distance and ∆ = crystal field splitting parameter. If, for example, Fe2+
ions are replacing Mg2+ in olivine, the metal-oxygen distances of the cation sites (R) will
increase to support the larger Fe2+ cation. Based on (1), this increase in R will cause a decrease in
∆ (Burns, 1993). Furthermore, Planck’s Law describes the relationship between energy and
wavelength:
E=

hc

(2)

λ

Where E = energy, h = Planck’s constant, c = speed of light, and λ = wavelength. The crystal
field parameter ∆ is a measurement of energy, thus it can be substituted for E in (2) and related to
(1):
∆=

hc
λ

=

1
R5

(3)

Importantly, this demonstrates that as the metal oxygen distances in the cation site increase, the
wavelength of light needed to trigger an electronic transition will also increase (Burns, 1993). In
olivine, this mathematical relationship suggests that as iron content increases and the olivine
becomes more fayalitic, the primary absorption bands will shift towards longer wavelengths.
This phenomenon has been investigated and several studies confirm that increasing iron content
in olivine does shift the primary 1 µm absorption feature to longer wavelengths (Burns, 1970b,
1993; Cloutis et al., 2015; Singer, 1981; Sunshine et al., 1998; Trang et al., 2013).
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There are three characterizations of spectral features for clinopyroxenes based on the cation
ordering displayed in the mineral’s crystallographic sites (Section 2.3). In situation 1, all or
almost all of the M2 sites are filled by Ca2+ which forces some Fe2+ to occupy M1 sites. This
produces a Type A HCP spectrum with two absorption bands near 0.9 and 1.15 µm, representing
the most Ca2+-saturated minerals. Situation 2, having some M2 sites open, allows Fe2+ to
preferentially fill any open M2 sites left by the Ca2+ deficiency. This situation produces a Type B
HCP spectrum with absorption features near 1.05 and 2.23 µm. The feature close to 2.2 µm in
the Type B spectrum is attributable to Fe2+ in the M2 site and, based on cation ordering, this
feature is not present in the Type A spectrum. Finally, situation 3 has the M2 sites preferentially
filled by Fe2+ due to a significant Ca2+ deficiency. This produces an LCP spectrum with
absorptions near 0.9 and 2 µm. These absorptions are at shorter wavelengths in the LCP spectra
than the Type B because Fe2+ is smaller than Ca2+, so more Fe2+ in the cation sites shifts
absorptions to shorter wavelengths (Adams, 1974; Burns, 1993; Burns et al., 1972; Cloutis,
2002; Klima et al., 2011).
Variations in sample grain size introduce additional complexities when trying to understand the
composition of a sample because changing grain size can alter primary absorption features.
When light interacts with a granular mixture, such as sand, the light scatters based on volumedominated processes. After light enters a grain, the amount of light refracted and scattered out is
dependent on the sizes of the grains. Smaller grains allow more light to travel through the grain
and scatter back while larger grains decrease the overall amount of light scattered back. This
volume scattering in sandy mediums means that increasing grain size will darken a given
absorption spectrum because larger grains decrease the amount of volume scattering (Buz et al.,
11

2014; Crown et al., 1987; Gaffey et al., 1993; King et al., 1987). In olivine, increasing grain size
has been observed to increase the depth and width of primary absorption features (Buz et al.,
2014; Cloutis et al., 2015; King et al., 1987). Pyroxene features, on the other hand, were
determined less sensitive to grain size changes and tend to experience a weaker positive
correlation between strength of absorption features and particle size (Crown et al., 1987).
Overall, in mineral mixtures of olivine and clinopyroxene, the shorter wavelength feature near 1
µm is attributable to both olivine and pyroxene spectral characteristics whereas the 2 µm
absorption is controlled by pyroxene features, and even large quantities of olivine do not alter the
pyroxene 2 µm feature (Singer, 1981). Mineral mixtures, therefore, cannot be modeled by basic
linear unmixing. Modeling complex mineral mixtures requires accounting for variables such as
multiple scattering of light, mineral optical constants, and mineral density.
3 DATA AND METHODS
3.1 Selecting and processing orbital data
The High Resolution Imaging Science Experiment (HiRSE) onboard the Mars Reconnaissance
Orbiter (MRO) is an ideal instrument for obtaining extremely high resolution images of areas on
Mars’ surface (Mcewen et al., 2010). Returning 5-6 km wide images at 25-60 cm/pixel
resolution, HiRISE allows for detailed observations of surface morphology over specific areas of
interest. When coupled with the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM), also aboard MRO, these instruments provide a detailed picture of the morphology as
well as mineralogy of the surface. CRISM is a hyperspectral imaging system that retrieves
surface reflectance data at 544 distinct wavelengths from the visible to near-infrared, 0.37 – 3.92
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μm (Murchie et al., 2007). Various CRISM observational modes return scenes at spatial
resolutions between 18-36 m/pixel with spectral sampling of 6.55 nm. Full Resolution Targeted
(FRT) observations used in this paper employ CRISM’s full resolution capabilities with images
collected at 18 m/pixel. CRISM scene FRT0000B6F1 was selected for high resolution coverage
of the more recent half of Curiosity’s traverses, the southern Bagnold Dunes, and sand fields
south of the Vera Rubin Ridge (VRR) (Figure 2).

Figure 2. (a) False-color CRISM scene FRT0000B6F1 (RGB = 0.6241, 0.5524, 0.4678 µm) overlain on
25 cm/pixel monochromatic HiRISE mosaic. FRT0000B6F1 was obtained 2008-07-09 at UTC 09:23 with
solar longitude (Ls) = 96.277. Curiosity traverses shown through sol 3013. (b) 2x zoom into CRISM
scene. Locations of interest labeled as well as sols of relevant Curiosity stops.

Single scattering albedo (SSA) was retrieved from both the S- (short) and L- (long) wavelength
data using the WUSTL processing pipeline (Politte et al., 2019). This processing includes
explicit modeling of atmospheric gases and aerosols, utilizing the Hapke photometric function
and the volcano scan atmospheric correction (Hapke, 1981; Stamnes et al., 1988). SSA cubes
were regularized, denoised, and map projected using a log maximum likelihood approach
(MLM) to retrieve the best estimate of SSA values in the presence of Poisson noise at 12 m/pixel
13

(Eliason et al., 1990; Kreisch et al., 2017). Both the S and L 12 m/pixel processed data cubes for
FRT0000B6F1 were registered to a 25 cm/pixel HiRISE mosaic using the Image Registration
Workflow in ENVI. The separate S and L data cubes were joined using IDL to retrieve full
VNIR spectra from 0.45-2.60 µm.

Figure 3. Zoomed in box from Figure 2b showing regions of interest (ROIs) used for spectral analysis.
The Mt. Desert Island (MDI, green) ROI is 2053 pixels. Sands of Forvie (SF, red) ROI is 1500 pixels.
East Sand Field (ESF, blue) ROI is 387 pixels, and the Greenheugh Pediment Sand Field (GPSF, orange)
ROI is 350 pixels.

Once full VNIR data was obtained, select aeolian deposits identified through HiRISE were
classified as regions of interest (ROIs). ROI extent was based on the similarity of nearest
neighbor pixel spectra within a defined threshold of a seed pixel. This threshold, based on the
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RGB defined bands, selects pixels that have similar values as the seed pixel at the defined band
wavelengths. These sites were chosen to gain an understanding of the possible variance of grain
size and/or mineralogy among aeolian deposits (Figure 3). We selected four ROIs to investigate
in this work: Mt. Desert Island (MDI), the Sands of Forvie (SF), the East Sand Field (ESF), and
the Greenheugh Pediment Sand Field (GPSF).
The characteristic spectrum retrieved for each ROI is the mean of all the pixel spectra within the
ROI (Figure 4). The mean characterizes the data tendencies because there is small average
standard deviation (< 0.03) at each wavelength band from the mean band value across each ROI,
taking into consideration 313 total bands. Since this process also takes the mean of >300 pixels
for each ROI, the effect of any erroneous pixel data is inconsequential. Furthermore, differences
between deposits can be investigated using the spectral parameters developed from CRISM data
that highlights differences in absorption features as well as spectral slope throughout the VNIR
(Pelkey et al., 2007; Viviano-Beck et al., 2014).
Initial interpretation of these mean spectra demonstrate a distinction between the four ROIs in
terms of the absolute reflectance. This difference may reflect possible variance in surface grain
sizes, where the Sands of Forvie would have the coarsest grain size (Section 2.4). Additionally,
there are differences between the spectra in the 1.6-2.5 µm range. The presence of a feature near
2 µm in the spectra indicate the presence of a pyroxene. The distinct 1 µm absorption in all the
ROI spectra is attributable to olivine with contributions from pyroxene and is relatively
indistinguishable between the four spectra. One minor difference is the Mt. Desert Island
spectrum appears to have a narrower 1 µm absorption band which could indicate Mt. Desert
Island has a higher forsterite content than the other three deposits (Sunshine et al., 1998). From
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2-2.5 µm, however, there is a distinction in spectral slope across the four locations. This
difference is highlighted using the IRR2 parameter (Figure 5), as this parameter gives the ratio of
reflectance at 2.530 µm and 2.21 µm or the amount of spectral slope between 2.2 µm and 2.5 µm
(Murchie et al., 2009; Viviano-Beck et al., 2014).

Figure 4. Mean spectra from Figure 3 ROIs. Note the prominent 1 µm absorption feature in all mean
spectra, the variable shape of spectra near 2 µm, and the steep slope of spectra between ~2.3-2.5 µm.

Another notable difference in spectra between 1.6-2.5 µm is indicated through the HCPINDEX2
parameter (Figure 6). This parameter is sensitive to the broad absorption feature centered at 2.12
µm, characteristic of certain pyroxenes. These initial explorations indicate distinguishable
differences in spectral features at longer wavelengths between the three deposits south of the
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VRR compared to Mt. Desert Island. The southern deposits have less of a spectral slope between
2.2 and 2.5 µm and a deeper 2.12 µm absorption feature.

Figure 5. IRR2 parameter map (Viviano-Beck et al., 2014) displaying R2530/R2120 from FRT0000B6F1
overlain on HiRISE mosaic. IRR2 parameterizes spectral slope between 2.2-2.5 µm with higher values
showing red on this figure and representing a steeper spectral slope between 2.2-2.5 µm.
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Figure 6. HCPINDEX2 parameter map (Viviano-Beck et al., 2014) created from the broad absorption
feature at 2.12 µm from FRT0000B6F1 overlain on HiRISE mosaic. Deeper 2.12 µm absorption features
will have a higher HCPINDEX2 value and appear red on this figure. The parameter map was masked with
ROIs from Figure 3 to highlight areas of interest.

3.2 In-situ Curiosity data
The Curiosity rover landed in the northwest portion of the ~154 km diameter Gale Crater on
Mars in 2012 and has been traversing generally south towards Aeolis Mons (Mount Sharp). Gale
Crater, ~3.6 Ga, is located on the contact of Mars’ ancient, cratered southern highlands and
younger northern plains (Wray, 2013). While Curiosity has many innovative technologies and
functionalities to search for signs of life within Gale Crater, the Mast Cameras (Mastcams), the
Mars Hand Lens Imager (MAHLI), and the Chemistry and Mineralogy (CheMin) instrument
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provide data complementary to this research. The Mastcams are attached to the remote sensing
mast (RSM) and consist of a pair of fixed-focal length color CCD imagers, one with a 34 mm
focal length and the other 100 mm (Malin et al., 2017). While the Mastcams have the capability
to produce many types of images, of interest to this work are the Bayer pattern red, green, and
blue image mosaics developed through the collaboration of the two imagers (Malin et al., 2017).
These RGB “true color” mosaics allow for observation of surface properties near Curiosity at
incredible detail. Utilizing the mosaics captured while Curiosity visited Mt. Desert Island and the
Sands of Forvie, similarities and differences between these deposits can be examined at submeter resolution (Figure 7). Superimposed ripples are clear in both deposits and could indicate
multiple wind directions acted to form this morphology. The Sands of Forvie deposit also has
more distinct ripple ridges with an apparent long wavelength that could indicate stronger wind
speed or coarser grain size compared to the Mt. Desert Island deposit (Sharp, 1963). These
deposits, however, are from the margins of each deposit and there should be caution in assuming
the entirety of each deposit has the same morphology as at the edges. With our Mt. Desert Island
ROI being ~300 km2 and Sands of Forvie ~200 km2, there is likely variations in morphology
across these areas due to possible variances in wind, type of grains present, and size of grains
present.
The MAHLI instrument provides close-up images to investigate texture and mineralogy (Edgett
et al., 2012). The minimum working distance for MAHLI, ~2.1 cm, produces 14×14 µm pixels,
allowing resolution of grains down to very coarse silt size. MAHLI images from Mt. Desert
Island and the Sands of Forvie show distinct grain-size variations that can be factored in to later
analyses (Figure 8).
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Figure 7. Mast Camera mosaics from (a) Mt. Desert Island (mcam08525) and (b) Sands of Forvie
(mcam1558). MDI image captured on sol 1647 while SF is from sol 2991. Images credit: NASA/JPLCaltech/MSSS

Figure 8. MAHLI images from (a) Mt. Desert Island (1659MH0007040000603271R00) and (b) Sands of
Forvie (2991MH0008170000704744R00). MDI shows an undisturbed ripple flank (APXS target Pamola)
on sol 1659 at a scale of 32.0 ± 0.6 µm/pixel. SF shows the stoss flank of a ripple crest on sol 2991 at a
scale of 32.9 ± 0.6 µm/pixel. Images credit: NASA/JPL-Caltech/MSSS
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CheMin measures the elemental composition of a sample of interest on the Martian surface
(Blake et al., 2012). CheMin is primarily an X-ray diffraction instrument with a 2θ angular range
5-50°. This range enables CheMin to identify virtually all minerals present in samples <150 µm
grain size. Together, these three in-situ instruments provide an analysis of geologically
interesting targets from the meter scale down to the atomic scale and allow for morphological
and mineralogical characterization of the surface.
3.3 Modeling abundance and grain size of mixed spectra
Spectra obtained from our ROIs through CRISM data (Figure 4) are undoubtedly a
representation of a complex mixture of minerals at varying compositions and grain sizes. To
understand the distribution of mineral abundances and grain sizes contributing to the spectra, we
apply the unmixing algorithm developed by Lapotre et al. (2017), which applies a Bayesian
implementation of the Hapke Radiative Transfer Model through a Markov Chain Monte Carlo
(MCMC) algorithm (Hapke, 1981; Lapotre et al., 2017a). The Hapke Radiative Transfer Model
describes the interaction of light with a medium and the subsequent reflectance and emittance of
the medium based on many defined parameters (Hapke, 1981). Importantly, when this model is
applied to mineral mixtures, the mixture can be examined as a linear combination of the singlescattering albedos (SSA) of the various components. By calculating SSA of endmembers through
known optical constants, this model can be applied to back out estimates of abundance and grain
sizes of the endmembers present in a mineral mixture. Details in Lapotre et al. show the
implementation of the Hapke model to derive SSA of select endmember spectra based on
reflectance, optical constants, and grain size (Lapotre et al., 2017a). An MCMC algorithm used
in this model produces a variety of best fit spectra to the input mixed component spectra with
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defined abundances and grain sizes, as opposed to a single best fit spectrum. Mineral mixtures
are complex combinations of minerals that could produce similar results despite having differing
proportions of endmembers, and for this reason, finding a range of solutions to fit the data is
especially useful. Quantifying the probability density distribution of the data in this case is more
accurate than examining a single best fit. Finding acceptable solutions is a function of
minimizing the RMS (root mean square) error of the data, and RMS errors are used to evaluate
the goodness of fit of an individual solution to the input spectrum.
Selecting endmembers is a challenging and crucial step of this process as there are a plethora of
available spectral libraries and the features of the endmembers can influence unmixing results
(Lapotre et al., 2017a, 2017b). Therefore, there must be careful consideration in regards to
appropriate mineral endmembers. Our endmember selection took advantage of previous work in
modeling and further constraints were placed based on knowledge of spectral features (Section
2.4), data collected in-situ by the Curiosity rover, and rigorous testing of endmembers (Achilles
et al., 2017; Ehlmann et al., 2017; Lapotre et al., 2017b; Rampe et al., 2018). Mineral
endmembers were chosen from the RELAB/NASA Brown Spectral Library and USGS Spectral
Library. An initial suite of endmembers, focusing on major minerals identified in-situ, consisted
of labradorite, basalt glass, 10 olivines, and 6 pyroxenes. All of these endmembers varied in
composition and were taken from both spectral libraries.
Due to constraints on processing time, not all of these endmembers can reasonably be used for
unmixing. Since the Curiosity rover has visited both Mt. Desert Island and the Sands of Forvie,
these two locations were used as anchor sites in order to assess solutions with various
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endmembers and determine which were most necessary for fitting the mixed spectra in a
reasonable amount of processing time. CheMin data from Mt. Desert Island assisted in the
evaluation of abundance results along with Mastcam and MAHLI images from both Mt. Desert
Island and the Sands of Forvie to check grain size results. Unfortunately CheMin analysis was
not performed at the Sands of Forvie, but the grain size information is still useful for evaluating
our models. The final endmembers selected involve both spectral libraries and include one
plagioclase (labradorite), one basaltic glass, 3 olivines of varying forsterite number (Fo80, Fo51,
and Fo10), and 3 pyroxenes (pigeonite, augite, and diopside) (Figure 9a; Table 1). Basaltic glass
is used to model the known substantial abundance of amorphous material in Gale Crater aeolian
deposits (Achilles et al., 2017; Ehlmann et al., 2017; Rampe et al., 2020). Additionally, grain
size output in the model was set between 50-800 µm based on substantial grain size analyses of
aeolian deposits throughout Curiosity’s traverse (Weitz et al., 2018).

Figure 9. (a) Continuum removed reflectance spectra of endmembers selected for modeling analysis with
details provided in Table 1. (b) Copy of Figure 4 for ease of comparing mixed spectrum to modeling
endmember spectra.
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Table 1. Reference information for model endmembers

We then applied this modeling on a pixel by pixel basis throughout our four ROIs in order to
gain a more nuanced, visual understanding of mineral distributions among aeolian deposits. An
iterative process was used to go through each pixel in the ROI of the 12 m/pixel CRISM scene
and determine the proportion of endmember and grain size estimated to best model the spectrum
of that pixel. These values were recorded for each pixel and for each endmember, allowing the
resulting image cube to be manipulated to investigate the distribution of either abundance or
grain size individual minerals from our endmember library.
4 RESULTS
4.1 Evaluating mineralogy and grain size distributions
The modeling workflow produced fits to our mixed spectrum with low RMS error and high R2
values (Figure 10).
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Figure 10. Modeling best fit results (top) and accompanying residual error plot (bottom) for (a) Mt.
Desert Island, (b) Sands of Forvie, (c) East Sand Field, and (d) Greenheugh Pediment Sand Field. R2
values for all four models ≥ 0.985.

While only one best fit model is shown in Figure 10, the distribution of ~50 best fits to each
mixed spectrum was used to produce violin plots. Violin plots helpfully show a probability
density function superimposed on a box-and-whisker plot to provide a visual representation of
the distribution of the data along with basic measures of central tendency as diagrammed in
figure 11 (Hintze et al., 1998).
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Figure 11. Diagram showing the key characteristics of a violin plot. Interquartile Range (IQR) = Q3 –
Q1. UAV = Q3 + 1.5∗IQR and LAV = Q1 – 1.5∗IQR. 95% confidence interval = UAV – LAV. Data >
UAV or < LAV are considered to be potential outliers. Plots will end at the UAV or LAV if there are no
high or low outliers, respectively.

Figure 12 shows the distribution of abundances determined for each endmember based on each
ROI mean spectrum while Figure 13 shows the distribution of grain sizes. There is a notable
difference in the range of distributions of modeled abundances compared to grain sizes, that is,
the grain size distribution seems to be less constrained overall. This larger grain-size distribution
is an indication of the insensitivity of the model to grain size and demonstrates the fact that it is
difficult to predict grain size from orbital data alone (Lapotre et al., 2017b).
The abundances detected by CheMin in the Ogunquit Beach sample from the edge of the Mt.
Desert Island dune field are within the IQR of our results, except for pigeonite, which is still in
the 95% confidence interval (Rampe et al., 2018, 2020). Our results produce higher pigeonite
abundances than were measured by CheMin at Ogunquit Beach which could be due to CheMin’s
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low angular resolution and overlapping pyroxene peaks making the identification of pyroxenes
more difficult (Rampe et al., 2020). There are also trends present in the grain size distributions,
most notably in observing the median values. Specifically with respect to labradorite, basalt
glass, and forsterite 80, the Sands of Forvie show larger median and IQR grain sizes than Mt.
Desert Island. Again, in-situ data can be used to corroborate the probability of our modeling
results. Importantly, we do not expect our results to exactly match those obtained in-situ, mainly
due to the difference in scale. CheMin processes a scoop of sediment from the edge of the dune
field and sieves the sample down to <150 µm while our CRISM estimates are derived from
multi-meter scale data sets. We use information from Curiosity to serve as a complement to
CRISM-based results and take any major discrepancies as an opportunity to reconcile the
datasets.
Analysis of the MAHLI image from the Sands of Forvie with grains visible to the eye, the grain
size distributions found from modeling are probable (Figure 14). Aside from diopside, it also
appears that the Sands of Forvie and the Greenheugh Pediment Sand field tend to have more
similar grain size distributions than the East Sand Field and Mt. Desert Island. Additionally, the
grain size distributions seem to favor larger grain sizes.
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Figure 12. Probability density violin plots (Hintze et al., 1998) for modeled abundance of (a) Labradorite,
(b) Basalt Glass, (c) Forsterite 11, (d) Forsterite 51, (e) Forsterite 80, (f) Diopside, (g) Augite, and (h)
Pigeonite. See figure 11 for guidance on interpreting plots.
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Figure 13. Probability density violin plots (Hintze et al., 1998) for modeled grain sizes of (a) Labradorite,
(b) Basalt Glass, (c) Forsterite 11, (d) Forsterite 51, (e) Forsterite 80, (f) Diopside, (g) Augite, and (h)
Pigeonite.
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Since CRISM only penetrates the top micrometers of the surface (Murchie et al., 2007) and it is
known that coarse grains dominate the crests of ripples in active ripple fields (Rampe et al.,
2018), it is possible this coarse grain fraction is influencing model grain size estimations.

Figure 14. Grain size analysis using MAHLI image from Sands of Forvie (Figure 8b). Grains arbitrarily
selected to provide indication of the coarser grain fraction throughout this image for comparison to grain
size results from modeling (Figure 13).

4.2 Controls on spectral features
As noted in Section 3.1, there are visible differences in the mean spectra from our four ROIs.
Primary observations through CRISM show a difference in spectral slope from 2.2-2.5 µm
(Figure 5) and in the broad 2.12 µm absorption feature (Figure 6). The spectral features of the
endmember spectra (Figure 9) suggest that higher basalt glass, augite, or possibly diopside could
increase the spectral slope while increased pigeonite or augite would create the deeper 2.12 µm
feature. Our modeling results strongly suggest the spectral rise is controlled by our basaltic glass
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(amorphous) endmember while the 2.12 µm band is a direct result of increased pigeonite
abundance in the mineral mixture (Figure 15a and b).

Figure 15. Select violin plots of abundance of (a) Basalt Glass, (b) Pigeonite, and (c) Forsterite 80 taken
from Figure 10 with y axes rescaled to accentuate variance among deposits.

In regards to basalt glass, while the median abundance values of all ROIs are relatively similar,
the violin plot probability density suggest that Mt. Desert Island has a slightly higher probability
of having a higher abundance of basalt glass compared to the other three deposits (Figure 15a).
This is reflected in the Mt. Desert Island ROI mixed spectra having the steepest spectral slope
between 2.2-2.5 µm (Figure 4 and 5). Secondly, with respect to pigeonite, Mt. Desert Island is
depleted in pigeonite compared to the other three deposits and this is reflected in the violin plots
as well as the parameter map showing 2.21 µm absorbance (Figure 6 and 15b). Overall, there is
strong evidence that our pyroxene and amorphous component endmembers have a strong control
on displayed spectral features. Importantly, Rampe et al. (2020) notes that amorphous
components detected by CheMin throughout various sand samples is not perfectly matched by
the composition of basaltic glass. Modern aeolian deposits on Mars have amorphous components
notably with high SiO2 and FeOT, but the specific mineralogy varies from site to site and
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CheMin analyses show these amorphous detections do not match the composition of any single
known amorphous material (Rampe et al., 2020). While a single iron-bearing basaltic glass
endmember may not capture all the variations in amorphous material, Horgan et al. (2014)
demonstrated that, even with varying SiO2 and FeOT, many samples of iron-bearing glass display
a spectral rise between ~2.0-2.5 µm (Horgan et al., 2014; Rampe et al., 2020). Constraining the
composition of aeolian amorphous materials would likely help improve modeling results and
further constrain abundance and grain size estimates.
4.3 Correlations between location, mineralogy, and grain size
Applying the modeling workflow to produce abundance and grain size maps for each
endmember revealed important differences among our four ROIs (Figure 16). While a separate
abundance map was produced for each individual endmember, we formed an RGB composite
image with the pigeonite, forsterite 80, and basalt glass abundances as the red, green, and blue
components, respectively. Pigeonite and basalt glass were selected for their hypothesized control
on our mixed spectra, and forsterite 80 was selected because there is a significant difference in
abundance distributions of forsterite 80 between locations (Figure 15c). Creating this composite
image shows Mt. Desert Island as a higher percentage light blue to cyan while the Sands of
Forvie, the East Sand Field, and the Greenheugh Pediment Sand Field are dominantly pink with
some green. Based on the endmembers selected to create this composite (color wheel inset in
Figure 16), this map supports the hypothesis that Mt. Desert Island is enriched in basalt glass
while the Sands of Forvie, East Sand Field, and Greenheugh Pediment Sand Field are all
enriched in pigeonite. Notably, this suggests the presence of a mineralogical dichotomy between
Mt. Desert Island to the north of the VRR and the three deposits south of the VRR.
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Figure 16. Abundance map produced from endmember modeling with RGB = pigeonite abundance, basalt
glass abundance, and forsterite 80 abundance, respectively. Composite image overlain on false-color
CRISM scene FRT0000B6F1 and HiRISE mosaic to highlight the dichotomy between the northern Mt.
Desert Island deposit and the three southern sand deposits.

The grain size distribution maps, based on the modeled most likely grain size of each
endmember for each pixel, also support a morphological dichotomy north and south of the VRR.
While grain size distributions tended to be unconstrained (Figure 13), the basalt glass and
labradorite endmembers showed more constrained grain size distributions with identifiable
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variations between sites and thus were selected to investigate grain size variations among
deposits.

Figure 17. Grain size maps produced from endmember modeling for (a) basaltic glass endmember and
(b) labradorite endmember. Both maps overlain on false-color CRISM scene FRT0000B6F1 and HiRISE
mosaic. Color stretch determined from absolute minimum and maximum modeled grain size values
(Figure 13).

Both basalt glass grains (Figure 17a) and labradorite grains (Figure 17b) were modeled to be
significantly larger in the three southern deposits compared to the Bagnold Dunes in the north.
This result supports that there are morphological as well as mineralogical variations on either
side of the VRR, possibly caused by a disrupted wind regime or change in sediment source due
to the presence of the ridge.

5 CONCLUSIONS
Preliminary investigations into quantifying the mineralogy and grain size of aeolian deposits
south of the Vera Rubin Ridge compared to the southern Bagnold Dunes suggest a compositional
and morphological dichotomy. Deposits south of the VRR have strong pyroxene spectral
signatures, specifically for pigeonite, whereas the Bagnold Dunes have a more distinct basaltic
glass and forsterite signature. Observations of CRISM data support a steeper 2-2.5 µm spectral
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slope in Mt. Desert Island while the three southern deposits show a stronger 2.12 µm absorption
feature. Modeling the mixed mineral spectra from these deposits demonstrates the 2-2.5 µm
spectral rise is likely a feature of higher abundance of basaltic glass while the 2.12 µm
absorption feature is related to pigeonite abundance. While grain sizes are more difficult to
constrain than abundances, trends from modeling and mapping preliminarily suggest the Sands
of Forvie has a coarser median grain size than Mt. Desert Island, and this observation is
supported by MAHLI data from the Sands of Forvie and Mt. Desert Island. The dichotomy
between deposits north and south of the VRR presented through this analysis could be explained
by different sediment provenances or wind dynamics for deposits north and south of the VRR.
This raises intriguing questions about how the VRR influences wind dynamics in Gale Crater
near Curiosity’s traverses and what paleoenvironmental conditions could have led to this
dichotomy.
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